We studied protein synthesis in cowpea protoplasts infected with Sonchus yellow net virus (SYNV). The structural viral proteins G, N, M1 and M2 were identified by immunoprecipitation. In addition, four high molecular weight proteins and two proteins with molecular weights of 52 000 (p52) and 38 000 (p38) were precipitated. One of the four high molecular weight proteins may represent the L protein; the others are possibly aggregates of the G protein or its unglycosylated form. The nature of proteins p52 and p38 is unclear. Structural viral proteins first appeared between 8 h and 12 h after inoculation. The G protein is glycosylated by N-glycoside-linked sugar residues. Glycosylation of the G protein was prevented by incubation of the protoplasts in 10 gg/ml tunicamycin. A protein, co-migrating with the M1 protein, was labelled with [32p]orthophosphate in protoplasts infected with SYNV, but not in controls of mockinoculated protoplasts or protoplasts inoculated with cowpea mosaic virus.
INTRODUCTION
The protein composition of plant rhabdoviruses has been studied by several authors (Knudson & MacLeod, 1972; Francki & Randles, 1975; Schulz & Harrap, 1976; Ziemiecki & Peters, 1976; Jackson & Christie, 1977; Trefzger-Stevens & Lee, 1977; Jackson, 1978; Dale & Peters, 1981; Falk & Tsai, 1983; Adam & Hsu, 1984) . Two patterns appear when plant rhabdovirus proteins are subjected to gel electrophoresis. Lettuce necrotic yellows virus, Sonchus virus and maize mosaic virus resemble vesicular stomatitis virus (VSV) in protein composition. The G, N and M proteins are easily detected, whereas the detection of the NS and L protein is uncertain. The protein compositions of Sonchus yellow net virus (SYNV), sowthistle yellow vein virus, eggplant mottled dwarf virus and potato yellow dwarf virus correspond with that of rabies virus. The G, N, M 1 and M2 proteins of these viruses are, in general, easily detected.
SYNV particles have been reported to contain four major structural proteins, several high molecular weight proteins, of which one is presumably the L protein, and a protein with an electrophoretic mobility slightly faster than that of the N protein (Jackson, 1978; Dale & Peters, 1981) . The G protein is reported to be glycosylated (Dale & Peters, 1981) .
The development of a system for infecting plant protoplasts with rhabdoviruses (van Beek et al., 1985 a, c) has allowed us to study protein synthesis in vivo. In this communication we describe the proteins synthesized upon infection of protoplasts with SYNV and the glycosylation of the G protein. We also provide some evidence for the phosphorylation of the MI protein. N.A.M. VAN BEEK, A. C. G. DERKSEN AND J. DIJKSTRA inoculated with SYNV, except that virus was omitted from the inoculum, and protoplasts inoculated with cowpea mosaic virus (CPMV). CPMV inocula consisted of 100 ttl 0.5 M-mannitol, containing 5 ~tl CPMV (12 mg/ml in 0.01 M-phosphate buffer pH 7-0).
Incubation in the presence of radioehemicals and specific inhibitors. Unless otherwise stated, 5 ~tl incubation medium containing either 2 p.Ci L-[3SS]methionine (1165 Ci/mmol) or 20 ~tCi D-[2-3H]mannose (27 Ci/mmol), both from New England Nuclear, were added to approximately 105 protoplasts in 0.2 ml incubation medium at 18 and 40 h after inoculation. Labelling of phosphoproteins was done by replacing 0.2 ml incubation medium from approximately l0 s protoplasts with 0.15 ml phosphate-free incubation medium to which 1.5 to 2 p.Ci [32p]orthophosphate (carrier-free) (New England Nuclear) was added, at 17 or 20 h after inoculation.
SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
Samples of radioactively labelled protoplasts (0.2 ml, containing approx. 105 protoplasts) were harvested at 46 to 48 h after inoculation and centrifuged at 60g for 3 min. Protoplasts labelled with [32p]orthophosphate were washed three times with 0.5 M-mannitol. Protoplast pellets were resuspended in 25 ~tl deionized H20 and 20 ~tl four times concentrated lysis buffer (10 mM-Tris-HCl pH 8.0, 1 mM-EDTA, 2~ SDS, 10~ glycerol, 0.001 ~ bromophenol blue), and 5 ~tl 2-mercaptoethanol was added. The samples were boiled for 3 to 5 rain and, after centrifugation at 8000 g for 10 rain, 20 gl of the solution was electrophoresed in a gel of 12-5~ polyacrylamide (Laemmli, 1970 Immunoprecipitation. This was done according to Vlak et al. (1981) with minor modifications. Briefly, to a pellet of approximately 105 protoplasts, 10 p.1 H20 and 100 gl immunoprecipitation buffer (IPB; 20 mM-Tris-HC1 pH 8.0, 0-4 M-NaC1, 1 mM-MgCI2, 1 mM-CaCI2, 1.5~ NP40, 0.15~ deoxycholate) were added. This mixture was vigorously shaken for 30 min, then 5 p.1 SYNV antiserum (titre 1/64), diluted 1:10 in IPB, was added. After incubation for 3 h at room temperature and then overnight at 4 °C, 10 ~tl of a suspension of 10~o Protein ASepharose (Sigma) in IPB was added and the mixture was incubated on ice for 1 h with occasional shaking. The Sepharose was washed twice with IPB, boiled in lysis buffer and centrifuged at 8000g for 10 rain. The supernatant fluid was subjected to electrophoresis as described above.
Measurements of uptake and incorporation of [3SS]methionine and [3H]mannose.
Labelled protoplasts were harvested, washed three times and lysed as described above. After heating and centrifugation, two aliquots of 5 ~tl of the protein solution were each spotted on Whatman 3 MM filter paper and dried in air. One filter was counted directly in 8 ml Lipoluma (Packard) (uptake and incorporation); the other was washed three times with 10~ TCA for 5 min at room temperature or, for the second wash, at 100 °C, washed twice with ethanol for 5 rain and once with ether, dried and counted in 8 ml Lipoluma (incorporation).
RESULTS

Identification of viral proteins
Protoplasts inoculated with SYNV and mock-inoculated protoplasts were incubated in the presence of [35S]methionine and analysed by SDS-PAGE to compare the migration of viral proteins synthesized in vivo with that of proteins from purified virus. No differences in protein pattern were observed between protoplasts incubated in gentamicin or chlortetracycline (Fig. 1) . Four major proteins, with mol. wt. of 82000, 56000, 41000 and 35 000 (tentatively designated G, N, M 1 and M2, respectively), were consistently detected in infected protoplasts, but not in mock-inoculated protoplasts. The electrophoretic mobilities of these proteins were similar to those of the G, N, Mt and M2 proteins of purified SYNV run on a sister gel stained with Coomassie Brilliant Blue (Fig. 1) . In addition to these proteins, a minor protein with a mol. wt. of 45000 (designated p45), which was also present in small amounts in purified virus suspensions, was detected ( Fig. 1) . Occasionally, a protein with a mol. wt. of 38000 (p38) was observed in samples of infected protoplasts and not in those of mock-inoculated protoplasts (Fig. 2 and 4) . A protein, with a mol. wt. of about 120 000 (designated p 120) and five proteins in the lower molecular weight range, designated p22, p20, p16, p13 and p12, were sometimes detected in samples of infected protoplasts (Fig. 1) .
Synthesis of SYNV proteins in protoplasts
PE i i / GENT CHLTC I II / M I M I '!~1[ V p120 1703 ~--------G ~---------N ~t 4 1945 ,t~.-.....-M z ~--.-----M 2 4t ~ p22 ~ p20 ~p 1 6 . ~ ~p 1 3 • ~ ~ ~p 1 2
Fig. 1. SDS-PAGE analysis of samples from protoplasts incubated in the presence of [35S]
methionine from 20 to 48 h after inoculation and an unlabelled preparation of purified SYNV stained with Coomassie Brilliant Blue. Protoplasts were incubated in the presence of 10 p.g gentamicin (GENT), or 5 Ixg chlortetracycline (CHLTC) per ml incubation medium. Lanes indicated with SE were exposed to X-ray film for 1.5 days, and those indicated with PE for 6 days. M, Mock-inoculated; I, inoculated with SYNV; V, purified SYNV suspension.
Proteins immunoprecipitated from disrupted protoplasts were analysed by SDS-PAGE. Proteins with tool. wt. of 82000, 56000, 41000 and 35000 were precipitated from protoplasts inoculated with SYNV, but not from mock-inoculated or CPMV-inoculated protoplasts (Fig. 2) . These results show that these major proteins are of viral origin and, since they co-migrate with the proteins of purified virions, they will be referred to hereafter as G, N, M t and M2 protein. However, several other proteins were consistently precipitated from samples of infected protoplasts. In the high molecular weight region a prominent band (HMW0, with a mol. wt. of approximately 130000, and three less conspicuous bands (HMW2, HMW3 and HMW4), all migrating slower than the G protein, were resolved. Also, a protein with a tool. wt. of 52000 (p52), as well as the p38 protein were specifically precipitated (Fig. 2) . The p45 protein, present in SYNV-infected protoplasts, was also precipitated from mock-inoculated protoplasts and, thus, most likely represents a host protein present in purified virus preparations. The sequence of appearance of viral proteins The sequence of appearance of viral proteins was analysed by electrophoresis of lysates of protoplasts that had been incubated in [35S]methionine 7 h after inoculation and sampled each hour thereafter until 13 h post-inoculation (Fig. 3) . The N protein was detected at 8 h, the M2 protein at 9 h and the p38 protein at 12 h post-inoculation. The G and MI proteins were not detected in the first 13 h after inoculation. In addition, protoplasts, pulse-labelled every 2 h in the interval from 2 to 24 h post-inoculation, were analysed by electrophoresis (result not shown). In this experiment, both the N and M2 protein were detected at 10 h and the G and M~ protein at 12 h post-inoculation, whereas the p38 protein was not seen within 24 h after inoculation. Since the first assembly of SYNV particles in protoplasts has been observed 10 h after inoculation (van Beeket al., 1985b) , at least some structural viral proteins must be present at that time.
Attempts to suppress host protein synthesis by the addition of actinomycin D (Boehringer Mannheim) in concentrations up to 40 ~tg/ml failed, and this inability to suppress host protein synthesis may have prevented the detection of viral proteins at early times.
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Synthesis of S YN V proteins in protoplasts
Glycosylation of the G protein The labelling of G protein following incubation of protoplasts in the presence of [3H]mannose
showed that the G protein was glycosylated; no other viral proteins were labelled (Fig. 4a) . To examine the effect of tunicamycin (Eli-Lilly), a potent inhibitor of N-glycosidic glycosylation (Elbein, 1981), on protein synthesis and protein glycosylation, we added various amounts of this drug at 11.5 h post-inoculation to protoplast suspensions. While 10 ~tg tunicamycin per ml incubation medium hardly affected protein synthesis or uptake (results not shown), it decreased the amount of [3H]mannose incorporated in acid-precipitable material, from 20 to 3.8 ~ ( Table  1 ). The residual [3H]mannose incorporated into host proteins is presumably linked by Oglycosidic bonds as establishment of this bond is not affected by tunicamycin (Struck & Lennarz, 1980 ). This experiment also shows that the uptake of mannose by protoplasts decreases with increasing concentrations of tunicamycin in the incubation medium (Table I) , although the uptake of methionine does not. Fig. 4(b) shows a decrease in the amount of glycosylated G protein synthesized during incubation of protoplasts in the presence of increasing amounts of tunicamycin. No glycosylated G protein could be detected when 10 ~tg tunicamycin was present per ml incubation medium. We were unable to detect the unglycosylated form of the G protein. * Tunicamycin was added 11.5 h after inoculation. Twenty laCi [3H]mannose was added to 150 ~tl incubation medium, containing approx. 105 protoplasts, at 17 h after inoculation. Samples were harvested 43 h after inoculation.
:~ The percentage of radioactivity in protoplasts that is incorporated in TCA-precipitable proteins.
Phosphorylation of the S YNV proteins
To examine the phosphorylation of S Y N V proteins in infected protoplasts we incubated SYNV-inoculated, C P M V -i n o c u l a t e d and mock-inoculated protoplasts in [3-'P]orthophosphate. Analysis of protein lysates by S D S -P A G E revealed that a protein co-migrating with the M1 IP: 54.70.40.11
On: Sat, 13 Apr 2019 21:51:05 protein was consistently labelled in protoplasts infected with SYNV but not in either mockinoculated or in CPMV-inoculated protoplasts (Fig. 5) . We were not able to demonstrate the viral nature of this protein by immunoprecipitation. Sometimes, a protein co-migrating with the M2 protein was labelled in SYNV-infected protoplasts (Fig. 5, expt. 2). However, since it appears also in mock-inoculated protoplasts, this protein most likely represents a labelled host protein co-migrating with the M2 protein. DISCUSSION We have demonstrated that four major viral proteins, G, N, M~ and M2, can be detected in protoplasts infected with SYNV. The difference between relative proportions of these proteins in immunoprecipitates and those in infected protoplasts most likely reflects differing titre of the antiserum towards the various viral proteins.
Synthesis of S YNV proteins in protoplasts
Some other proteins were also detected in samples from protoplasts infected with SYNV. To elucidate the origin and nature of these proteins, further study is needed. However, some preliminary conclusions may be drawn from this study.
It is highly unlikely that the high molecular weight proteins (HMW1 to HMW4), detected by immunoprecipitation, represent precursors of viral protein, as they are not detected at early stages of infection. Moreover, the occurrence of five mRNA species, each of which has the coding capacity for an individual viral protein of SYNV, has been reported by Rezaian et al. (1983) . Their results suggest that the transcriptional strategy of SYNV is similar to that of animal rhabdoviruses (Banerjee et al., 1977; Colonno & Banerjee, 1978; Coslett et al., 1980; Kurath & Leong, 1985) and make the existence of precursor proteins, which have to be cleaved after translation, unlikely. Sturman (1977) reports the occurrence of polymers of glycoproteins of a coronavirus upon analysis by SDS-PAGE, and dimers of the G protein of several plant rhabdoviruses have been detected by SDS-PAGE (Ziemiecki & Peters, 1976; Dale & Peters, 1981) . Although Gibson et al. (1979) did not state whether aggregation existed after protein denaturation with SDS and 2-mercaptoethanol, they found that the unglycosylated G protein of VSV aggregates in vitro and they suggested that aggregation with N and NS protein also had occurred. In view of these reports it is possible that HMW1, HMW2, HMW3 and HMW4 represent polymers of the G protein or heterogeneous aggregates of unglycosylated G protein.
Dietzschold et al. (1979) state that the less phosphorylated form of the M1 protein of rabies virus migrates faster than the phosphorylated form and Bell & Prevec (1985) estimated the difference in molecular weight between the phosphorylated and the unphosphorylated form of the NS protein of VSV to be 3000. The p38 protein is readily precipitated by SYNV antiserum, is detected early in the replication cycle, and has a mol. wt. 3000 lower than that of the M1 protein.
These properties strongly suggest that the p38 protein represents a less phosphorylated form of the M1 protein.
Those proteins (N and M2) most heavily labelled upon incubation with [35S]methionine from 0 to 46 h after inoculation were also the first detected. Therefore, we suppose that the sequence of apppearance is determined by the amount of radioactivity that the proteins contain, rather than by a significant difference in the time of synthesis of the various proteins.
We showed that the G protein is glycosylated by N-glycosidic linkage, since incubation in tunicamycin prevented glycosylation, if not completely then to a large extent. In a previous report, we have shown that incubation of infected protoplasts in tunicamycin completely prevented budding of SYNV (van Beek et al., 1985b) . G protein may therefore be involved in the budding process.
Some proteins of animal rhabdoviruses are phosphorylated (Sokol & Clark, 1973; Clinton et al., 1978; Dietzschold et al., 1979) and phosphorylated NS protein of VSV can be separated into two forms differing in their degree of phosphorylation (Clinton et al., 1978 (Clinton et al., , 1979 Kingsford & Emerson, 1980) . Since the M1 protein of rabies virus can also be separated into two forms differing in their degree of phosphorylation, Wunner et al. (1985) call the M1 protein NS, apparently because they suppose functional analogy with the NS protein of VSV.
We showed that the M~ protein of SYNV is phosphorylated, but were unable to separate two forms of this protein. The N protein of rabies virus also has been reported to be phosphorylated (Sokol & Clark, 1973) . SYNV belongs to the subgroup of plant rhabdoviruses whose protein pattern resembles that of rabies virus. No evidence for phosphorylation of the N protein was found in this study.
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